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Abstract: 26 The concentrations of electron donors and acceptors in the terrestrial subsurface 27 biosphere fluctuate due to migration and mixing of subsurface fluids, but the mechanisms 28 and rates at which microbial communities respond to these changes are largely unknown. 29 Subsurface microbial communities exhibit long cellular turnover times and are often 30 considered relatively static-generating just enough ATP for cellular maintenance. Here, 31
we investigated how subsurface populations of CH4 oxidizers respond to changes in 32 electron acceptor availability by monitoring the biological and geochemical composition 33 in a 1,339 meters-below-land-surface (mbls) fluid-filled fracture over the course of both 34 longer (2.5 year) and shorter (2-week) time scales. Using a combination of metagenomic, 35 metatranscriptomic, and metaproteomic analyses, we observe that the CH4 oxidizers 36 within the subsurface microbial community change in coordination with electron acceptor 37 availability over time. We then validate these findings through a series of 13 C-CH4 38 laboratory incubation experiments, highlighting a connection between composition of 39 subsurface CH4 oxidizing communities and electron acceptor availability. 40 41
Introduction: 42 The terrestrial subsurface is an energy-limited environment that is subject to 43 changes in fluid chemistry over time (Onstott et al. 2006) . Laboratory experiments have 44
shown that when native fluids are supplemented with electron acceptors such as SO4 2-, 45
the activity of subsurface communities can be enhanced (Rajala et al. 2015) . Large 46 disturbances such as CO2 (Morozova et al. 2010 (Morozova et al. , 2011 and H2 injection (Bagnoud et al. 47 2016), hydraulic fracking (Daly et al. 2016) , and drilling (Purkamo et al. 2013 ) have also 48 been reported to alter natural subsurface communities. The response of microbial 49 communities to natural fluctuations in their environment, however, is less understood. 50
In the South African subsurface, increases in the availability of electron acceptors 51 such as NO3 -(>10-fold higher) and SO4 2-(>5-fold higher) over a 1.5 year period did not 52 correspond to changes in the bacterial community Simkus et al. 53 2015) . However, 16S SSU rRNA gene amplicon surveys of the archaeal communities 54 from the same site and sampling points of the aforementioned studies showed a diverse 55 collection of anaerobic methane oxidizing archaea (ANME) (Young et al. 2017 ) and 56 methane oxidizing bacteria (Simkus et al. 2015) . 57 ANME-1 and "Candidatus Methanoperedens nitroreducens", a member of 58 ANME-2d, are among the best described ANME and couple the oxidation of CH4 with 59 SO4 2and NO3reduction, respectively (Haroon et al. 2013; Wegener et al. 2015) . Other 60 ANME-2d have also been reported to couple CH4 oxidation to the reduction of Mn 4+ 61 and/or Fe 3+ (Ettwig et al. 2016 ). With the exception of "Ca. Methylomirabilis oxyfera" 62 which has been suggested to generate intracellular O2 for CH4 oxidation from two 63 molecules of NO (Ettwig et al. 2010) , bacterial methanotrophs couple CH4 oxidation with 64 free O2 in the environment. This potential relationship between CH4 oxidizers (MOs) and 65 electron acceptor availability provides a compelling avenue to explore the response of 66 subsurface communities to natural changes in subsurface fluid chemistry. 67
Our study focuses on the subsurface microbial community of a 1,339 meters-68 below-land-surface (mbls) fluid-filled fracture (Be326 Bh2 Filters were treated with an RNA preserve solution and stored in a -80°C freezer. 119
The RNA preserve is a custom made solution of 20 mM EDTA, 0.3 M sodium citrate, 120 and 4.3 M ammonium SO4 2-(pH 5.2). The solution was autoclaved prior to sample 121 application. Total protein, together with total DNA and RNA, was extracted using 2X 122 CTAB lysis buffer and phenol/chloroform (pH=6.5-6.9), and re-suspended in 1 TE-buffer 123 (Tris-EDTA, pH = 8) and stored in 1.5-mL Eppendorf tubes at −20°C. Extraction of 124 biomolecules is further described elsewhere (Lau et al. , 2016 Activity assays 201 During the 2012 and 2013 sampling points, water samples were collected into 202 150-mL serum vials ("biovials") and stored at 4°C. Two days prior to sampling, 100 µL 203
of MilliQ water was added to a 150-mL serum vial that had undergone combustion in an 204 oven at 450°C overnight to deactivate spores. The serum vial was then sealed with a 205 butyl rubber stopper that was cleaned by boiling in 0.1 M NaOH solution for 1 hour, 206
rinsed and left to soak in MilliQ water until use. The serum vials were then crimped and 207 left overnight. The next day, the serum vials were purged and pressurized with filtered 208 N2. The vials were then autoclaved and bubble-wrapped for transport underground. A 209 needle was attached to the end of sterile teflon tubing that was attached to the manifold. 210
Water was allowed to flow to rinse the attachment and needle. After 2 minutes of rinsing, 211
the needle was inserted into the biovial and a second needle was added for pressure relief. 212
Water was allowed to flow into the biovial until the relief needle overflowed. Extensive 213 care was taken to ensure that no visible gas bubble remained in the biovial post-sampling. 214
Two sets of enrichment experiments were performed to monitor the response of 215 the biovial communities to methane and a variety of electron acceptors. Experiment 1 216 contained samples from 2012 and 2013. Samples were incubated in triplicate with 13 C-217 CH4 and SO4 2-(20 mM) or 13 C-CH4 and NO3 -(20 mM) for 207 and 185 days, 218 respectively. A control incubation with 13 C-CH4 and no electron acceptors was monitored 219
for 207 days to measure endogenous 13 CO2 production (Control A). Experiment 2 220
included samples from 2012 and 2013 that were incubated in triplicate with 13 C-CH4 and 221
control without electron acceptors (Control 1) and a live control without electron acceptor 223 or donor were included (Control 2). All samples of Experiment 2 were incubated and 224 monitored over a 43-day period. 225
The samples for all experiments were prepared in 14-mL serum vials sealed with 226 butyl rubber stoppers and aluminum caps. Prior to sample addition, vials were made 227 anoxic by exchanging headspace gas with N2 for 10 cycles and left pressurized (0.5 bar 228 overpressure). 10 mL aliquots of fracture fluid were then added to the vials in an anoxic 229 chamber and amended with the treatments described above. When 13 C-CH4 was added, 230
N2 was added to a pressure of 130 kPa and 99.99% 13 C-CH4 gas (Campro Scientific, 231
Veenendaal, The Netherlands) was added to a final pressure of 180 kPa. Oxygen was 232 added afterwards, when applicable. All electron acceptor solutions were sterile and 233
anoxic. The serum bottles were statically incubated at 37°C in the dark. 234 NO3and SO4 2were analysed using an ion chromatography system equipped with 235
an Ionpac AS9-SC column and an ED 40 electrochemical detector (Dionex, Sunnyvale, 236 CA). The system was operated at a column temperature of 35°C, and a flow rate of 1.2 ml 237 min -1 . Eluent consisted of a carbonate/bicarbonate solution (1.8 and 1.7 mM respectively) 238
in deionized water. Headspace gas composition was measured on a gas chromatograph-239 mass spectrometer (GC-MS) composed of a Trace GC Ultra (Thermo Fisher Scientific, 240
Waltham, MA) equipped with a Rt-QPLOT column (Restek, Bellefonte, PA), and a DSQ 241 MS (Thermo Fisher Scientific). Helium was used as a carrier gas with a flow rate of 120 242 ml min -1 and a split ratio of 60. The inlet temperature was 80°C; the column temperature 243 was set at 40°C and the ion source temperature was 200°C. CH4 and CO2 in the 244 headspace were quantified from the peak areas in the gas chromatographs. The fractions 245 of 13 CO2, 13 CH4 and 12 CH4 were derived from the mass spectrum (Shigematsu et al. 246 2004). Validation of the method was done using standards with known mixture of 13 CO2 247 and 12 CO2. The concentrations of total CO2, total CH4, and 13 CO2 were calculated 248 following the method of Timmers et al. (2015) . The pressure of the serum vials was 249 determined using a portable membrane pressure unit (GMH 3150, Greisinger electronic 250
GmbH, Regenstauf, Germany). The pH was checked by a standard pH electrode (QiS, 251
Oosterhout, The Netherlands). over the 2-week study were not obtained. 272
Geophysico-chemical measurements were made for both the 2.5-year and 2-week 273 time series (Table 1) . Temperature, pH, and CH4 concentrations were relatively 274 unchanged in both of the time series but the degree to which Eh, SO4 2-, NO3 -, and H2 275 concentrations changed was much greater over the 2.5 years (Table 1a) (Table  282 1b). 283
Microbial community of Be326 284
The microbial communities of the 2011 and 2012 time points have been reported 285 to be dominated by bacteria (98.5%) (Simkus et al. 2015) with the majority being related 286
to Proteobacteria . In order to investigate the community 287 composition of the less numerous archaea, 16S rDNA amplicon sequencing of the 288 archaeal V4-V5 hypervariable region was performed across all time points ( Fig. 2a) . For 289 the long-term study (2011, 2012, 2013) , the archaeal community shifted from an ANME-290 1-and Methanomicrobia-dominated community in 2011 to a Miscellaneous 291
Crenarchaeotic Group-dominated community in 2012 and a Halobacteria-dominated 292 community in 2013. For the short-term study (T0, T1, T2), there were no noticeable 293 changes between T1 and T2. A slight increase in Halobacteria and a decrease in ANME-1 294 with respect to T1 and T2 were observed in the T0 time point. There is a noticeable 295 difference between the T0, T1, T2 samples community profiles and the 2013 community 296 profile, despite being collected over the same two-week period. However, the filters used 297
in the Tx and 2013 filtrations have varied pore sizes, geometries, and casings and should 298 not be directly compared. 299
Around 1% of V4-V5 amplicons were related to "Ca. M. nitroreducens" in all 300 time points except for the 2011 dataset that contained only 2 archaeal amplicons relating 301
to "Ca. M. nitroreducens" (Supplementary Data 1). These relative abundances of "Ca. M. 302
nitroreducens" are lower than what was reported using archaeal V6 primers on 2011 and 303 2012 samples. With archaeal V6 primers, "Ca. M. nitroreducens" accounts for 1.5% of 304 the archaeal community in 2011 and 10.6% of the archaeal community in 2012, while 305 ANME-1 accounts for ~10% of the archaeal community at each time point (Young et al., 306 2017; Supplementary Fig. S1 ). Despite differences in the relative abundances of taxa 307 based on the primers used, community membership does not appear to be significantly 308 different between the 2 primer sets. 309
In order to estimate the relative activity of each taxonomic group, 310 metatranscriptomic data from each sample were mapped to a database of Be326 Notably, mcrA was selected as an indicator for ANME presence because its phylogeny is 335 congruent with MO phylogeny. 336
Following targeted assembly and annotation, two complete mcrA genes related to 337 ANME-1 and "Ca. M. nitroreducens", an ANME-2d, were assembled. Only one 338
complete mmo gene closely related to Methylococcus capsulatus was recovered from the 339 metagenomic and metatranscriptomic data ( Fig. 2b, Supplementary Data 2) . Partial mcrA 340 related to Methanomicrobia and Methanobacteria were also identified in the high-341
throughput data ( Fig. 2b, Supplementary Data 2) , but partially assembled mmo-related 342 genes were omitted in downstream analyses due to the difficulty in distinguishing mmo 343 from homologous ammonia monooxygenases genes (Holmes et al. 1995 shifted from ANME-1 to "Ca. M. nitroreducens" during the 2.5-year sampling period 359 (Fig. 2) but remained constant during the 2-week sampling period ( Supplementary Table  360 1). These observations were consistent with the relative changes in geochemistry over 361 both time scales (Table 1) . Notably, "Ca. M. nitroreducens" accounted for £1% of the 362 archaeal community, as revealed using archaeal V4-V5 16S rDNA primers (Fig. 1) , 363
which is in contrast to the higher estimates of "Ca. M. nitroreducens" found when using 364 archaeal V6 16S rDNA (Young et al., 2017 ; Supplementary Fig. S1 ), metagenomic and 365 metatranscriptomic data. This discrepancy suggests that "Ca. M. nitroreducens" 366
sequences are recovered at a lower efficiency in archaeal V4-V5 16S SSU rRNA gene 367 surveys relative to archaeal V6 16S SSU rRNA gene surveys, metagenomic and 368 metatranscriptomic studies. 369
When metagenomic MO mcrA and mmo abundances of the long-term study 370
( Supplementary Table 2 ) were correlated to geophysico-chemical measurements, "Ca. M. 371
nitroreducens" was positively correlated to NO3 -(R 2 =0.99) and SO4 2-(R 2 =0.98) 372
concentrations but negatively correlated to CH4 (R 2 =0.99) and H2 (R 2 =0.99) 373
concentrations. ANME-1 mcrA abundances showed an opposite trend and were positively 374 correlated to CH4 (R 2 =0.96) and H2 (R 2 =0.97) concentrations but negatively correlated 375 NO3 -(R 2 =0.88) and SO4 2-(R 2 =0.85) concentrations (Table 3) . Correlation of 376 metatranscriptomic 16S rRNA and mcrA and mmo abundances to geophysico-chemical 377 measurements exhibited similar trends ( Supplementary Table 3 ) and are consistent with a 378 transition from an ANME-1-dominated MO community to a "Ca. M. nitroreducens"-379 dominated community. As NO3 --coupled CH4 oxidation is more energetic than SO4 2--380 coupled CH4 oxidation (Caldwell et al. 2008) , an energetic advantage, presumably, 381
provides "Ca. M. nitroreducens" a competitive advantage against ANME-1 when NO3 -382 concentrations are sufficient. 383
O2 concentrations in 2011 and 2013 were below detection limit (Table 1) but were 384 detectable in 2012 (0.47 µM). Likely related to the increased availability of O2, aerobic 385
Methylococcus-related mmo genes exhibited their highest relative abundances within 386 metagenomic and metatranscriptomic MO gene profiles during 2012 and a minimal 387 presence throughout the remainder of the time points ( Fig. 2, Supplementary Table 1 ).
388
"Ca. M. nitroreducens" was the dominant member (73.2±2.8%) of the MOs community 389 during the 2-week time series ( Supplementary Table 1 ) when fracture fluids contained 390 high concentrations of SO4 2-(496±36 µM) and NO3 -(4.8±0.9 µM) along with a positive 391
Eh (21±28 mV). 392
The correlations between MO abundances and fluid chemistry suggest that a 393 relationship between electron acceptor availability and populations of MOs exists. We 394 therefore wanted to experimentally validate the response of the MOs to changes in 395 electron acceptor availability. As ANME-1, "Ca. M. nitroreducens", and Methylococcus 396 are best described as a SO4 2--dependent ANME (Wegener et al. 2015) , NO3 --dependent 397 ANME (Haroon et al. 2013) , and aerobic methanotrophs (Kleiveland et al. 2012 ), 398 respectively, we designed experiments to test whether or not each MO lifestyle would 399 respond to an increase in the aforementioned electron acceptor. 400
Validation of the MO community through 13 CH4 enrichments 401
To better understand the response of the MO community to changes in electron 402 donor/acceptor balance, two sets of 13 C-CH4 laboratory enrichment experiments were 403 performed on fracture water collected in 2012 and 2013. The first experiment 404 (Experiment 1) was a long-term experiment analyzed over 207 * days and contained 405 fracture fluid samples from 2012 and 2013 enriched with either 13 C-CH4 and no 406 additional electron acceptor (endogenous activity control), 13 C-CH4+SO4 2-(to stimulate 407 SO4 2--dependent AOM), or 13 C-CH4+NO3 -(to stimulate NO3 --dependent AOM). A 408 second set of 2012 and 2013 fracture fluid enrichments (Experiment 2) was analyzed for 409 43 days. Experiment 2 contained 13 C-CH4 treatments of 13 C-CH4+formaldehyde (4%, 410 v/v) (killed control) to rule out non-biological sources of 13 C-CH4 production, 13 C-411 CH4+SO4 2-, 13 C-CH4+O2 (to simulate aerobic methane oxidation), and 13 C-CH4+NO3as 412
well as an electron acceptor-and donor-free control (methanogenesis control). The 413 * The long term 13 C-CH4+NO3enrichments were run for 183 days. methanogenesis control was intended to detect whether or not methanogenesis, and 414 therefore also trace CH4 oxidation (TMO),was occurring within the samples (Zehnder 415 and Brock 1979). Due to the limited amount of sample, we were unable to test the 416 potential occurrence of Mn 4+ -or Fe 3+ -driven methane oxidation. 417
Unlike the correlations observed between expression data and geochemical 418 parameters, an increase in the proportion of 13 C-CO2 relative to total CO2 (% 13 C-CO2) in 419 the 13 CH4 enrichments over time provides definitive evidence of 13 CH4 oxidation under 420 different conditions. Notably, we chose to express our results as % 13 C-CO2 rather than 421 the absolute concentration (molar) of 13 C-CO2 to account for CO2 production from other 422 substrates. In Experiment 1, the 13 C-CH4+NO3enrichments exhibited the greatest rate of 423 % 13 C-CO2 production and, in 2012, the rate of % 13 C-CO2 production (0.017±0.005 % 13 C-424 CO2 day -1 ) was found to be significantly greater (paired one-tailed Student t-test; p=0.02) 425 than in Control A (0.004±0.001 % 13 C-CO2 day -1 ) (Fig. 4) . No samples from Experiment 426
2 exhibited an increase in % 13 C-CO2 production (Supplementary Data 5). 427
Although ANME-1 were present in the metatranscriptomic and metaproteomic 428 data during the 2012 and 2013 sampling points, there was not a significant difference in 429 % 13 C-CO2 production between Experiment 1's 13 C-CH4+SO4 2incubations and the 430 endogenous activity controls (Fig. 4) . TMO was probably not responsible for the 13 The rates of 13 C-CO2 production (% 13 C-CO2 day -1 ) from the 2012 (gray) and 2013 (black) 560 fluids of Experiment 1 are displayed. The 2012 samples were run in triplicate and the 561 standard deviations are shown. The star above the 2012 CH4+NO3 bar indicates that the 562 rate of 13 C-CO2 production in the 13 C-CH4+NO3enrichment was significantly greater 563 (p=0.02) than the electron acceptor-free control (Control A).  564  565   566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583 
